In previous studies, it was shown that post-conditioning, a transient period of brief ischemia following prolonged severe ischemia in the retina, could provide significant improvement in post-ischemic recovery, attenuation of cell loss, and decreased apoptosis. These studies showed that postconditioning effectively prevented damage after retinal ischemia when it was instituted early (within 1 h) in the post-ischemic period. While post-ischemic conditioning holds high promise of clinical translation, patients often present late after the onset of retinal ischemia and therefore immediate application of this anti-ischemic maneuver is generally not feasible. In this study, we examined the hypothesis that application of a post-conditioning stimulus at 24 h or greater following the end of prolonged ischemia would decrease the extent of ischemic injury. Ischemia was induced in rat retina in vivo. Recovery after ischemia followed by 5 min of post-conditioning brief ischemia 24 or 48 h after prolonged ischemia was assessed functionally (electroretinography) and histologically at 7 days after ischemia and post-conditioning or sham post-conditioning. We found that the brief ischemic stimulus applied 24, but not 48 h after prolonged ischemia significantly improved functional recovery and decreased histological damage induced by prolonged ischemia. We conclude that within a defined time window, delayed post-ischemic conditioning ameliorated post-ischemic injury in rats. Compared to earlier studies, the present work demonstrates for the first time the novel ability of a significantly delayed ischemic stimulus to provide robust neuroprotection in the retina following ischemia.
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Introduction
Retinal ischemia, associated with glaucoma, diabetic retinopathy, central retinal artery occlusion, and other vascular diseases, causes visual loss. Applying a brief ischemic stimulus after prolonged retinal ischemia (Post-conditioning, "post-C") provided significant neuroprotection, with improved post-ischemic functional recovery, decreased histological damage, and attenuation of apoptosis in rats (Fernandez et al., 2009; Dreixler et al., 2010) . Further, it was shown that new protein synthesis was required for post-C (Fernandez et al., 2009 ). These results with post-C are very exciting and directly clinically translatable to patients who have experienced retinal ischemia. Clinical studies of post-C are already underway, e.g., for acute myocardial infarction (Limalanathan et al., 2010) . However, the neuroprotective effect of post-ischemic conditioning in the retina was effective only within 1 h after ischemia and required multiple applications of brief ischemia (Fernandez et al., 2009 ). In a number of studies, post-C ameliorated neuronal injury in models of cerebral ischemia in rodents; however, in all of these reports post-C was initiated within minutes to just a few hours after ischemia (Zhao et al., 2006; Wang et al., 2008; Xing et al., 2008; Pignataro et al., 2009) . To date, only one study has demonstrated that a delayed post-C stimulus could alter the damage after ischemia in the CNS; application of systemic hypoxia 5 days after transient middle cerebral artery occlusion in mice reduced thalamic atrophy (Leconte et al., 2009) . Considering the retina's greater degree of tolerance to ischemia compared to brain (Hayreh et al., 1980) , we theorized that application of brief ischemia 24 h or later after ischemia ended could still provide neuroprotection in the retina. Delayed application of a brief, nondamaging ischemic stimulus to alter the outcome after ischemia is a novel concept which has considerable potential for clinical translation.
Materials and methods

Retinal ischemia and preconditioning
Wistar rats (200e250 gm) purchased from Harlan (Indianapolis, IN) were maintained on a 12 h on/12 h off light cycle. Procedures (Roth et al., 2006; Dreixler et al., 2008) conformed to the ARVO Resolution on the Use of Animals in Research and were approved by our Animal Care Committee. For retinal ischemia, rats were anesthetized with chloral hydrate, 275 mg/kg i.p., and intraocular pressure (IOP) increased to 130e135 mm Hg for 55 min using a pressurized bag of sterile ocular irrigating solution (BSS: Alcon, Fort Worth, TX) connected to a 27-g needle positioned in the center of the anterior chamber. IOP was measured continuously using the needle and pressure tubing via a 3-way stopcock interposed into the line, with an electronic pressure transducer (HewlettePackard) zeroed to the level of the eye. IOP exceeded the systolic blood pressure, monitored non-invasively using a tail blood pressure cuff (IITC Life Science; Woodland Hills, CA). At 24 or 48 h after ischemia ended, post-C was produced by anesthetizing rats with ketamine (35 mg/kg), and xylazine (5 mg/kg), and placing a 2.0 silk suture behind the globe, which had been passed through a small length of plastic tubing (PE-200, Intramedic; BectoneDickinson, Parsippany, NJ), and the suture was pulled to maximal tightness to occlude the retinal circulation for 5 min, as we previously described (Roth et al., 1998) . In control groups, the suture was placed but not tightened.
Body temperature was maintained at 36e37 C by a servocontrolled heating blanket (Harvard Apparatus, Natick, MA) to prevent a protective effect on ischemia of hypothermia (Faberowski et al., 1989) . To preclude ischemic tolerance due to hypoxia (Zhu et al., 2007) , O 2 saturation was measured with a pulse oximeter (Ohmeda; Louisville, CO) on the rat's tail. Supplemental oxygen was administered when necessary to maintain O 2 saturation >94%.
Electroretinography before and after retinal ischemia
Procedures were similar to those we reported previously (Dreixler et al., 2010) . Animals were dark-adapted for at least 2 h before recordings. For baseline and post-ischemic (i.e., after 7 days) follow-up ERG recordings, rats were injected i.p. with ketamine (35 mg/kg), and xylazine (5 mg/kg). Corneal analgesia was with 1e2 drops of 0.5% proparacaine (Alcon). Pupils were dilated with 0.5% tropicamide (Alcon), and cyclomydril (0.2% cyclopentolate HCl and 1% phenylephrine HCl (Alcon)).
The ERG was recorded at baseline (prior to experiments) and 7 days after Post-C using procedures modified from those we described previously (Dreixler et al., 2010) . Electrodes were placed on the cornea and sclera (Weymouth and Vingrys, 2008) . These custom Ag/AgCl electrodes were fashioned from 0.010 00 Tefloncoated silver wire (Grass Technologies, West Warwick, RI), with 5 mm of silver wire exposed and fashioned into a 'U' shape to act as the corneal/positive electrode, while 10 mm of silver wire was exposed to form a loop, sclera/negative electrode. Electrodes were then attached to a 9 V battery and placed in a 1 N HCl bath for 12 s until coated with AgCl. All electrodes were referenced to a 12 mm, 30 gauge stainless steel, needle electrode (Grass) inserted 2/3 down the length of the tail.
Stimulus-intensity ERG analysis was achieved on a UTAS-E4000 electrodiagnostic system using a full-field Ganzfeld stimulator (LKC Technologies, Gaithersburg, MD), with the rat's head centered 7 inches from the stimulator. The low pass filter was 0.05 Hz and the high pass 500 Hz. Flash intensity varied electronically from À3.39 log cd s/m 2 to 1.89 log cd s/m 2 . Settings were confirmed by photometry (EG & G Model 550 photometer, Electro-Optics, Boulder, CO). Responses were averaged for 3e10 flashes delivered 4e60 s apart depending upon flash intensity, with number of flashes decreasing and time between them increasing with flash intensity. Flashes were progressively delivered from the lowest intensity to the highest to prevent possible effect upon dark adaptation, and at least 1 min elapsed between the series of flashes for the three highest intensity settings.
Recorded time, intensity, and amplitude were exported and analyzed in Matlab (The MathWorks, Natick, MA) as we described previously (Dreixler et al., in press-a) . Recordings were first baseline corrected for drift or low frequency noise. For intensityresponse ERGs, peak a-wave amplitude was calculated as the negative minimum following the light stimulus, and the b-wave amplitude as difference between the a-wave and the maximum bwave value recorded thereafter. The Hood and Birch phototransduction model, P3ði; tÞ ¼ R max ½1 À e Ài$SðtÀt eff Þ 2 was fit to the leading edge of the a-wave. The derived P3 was then subtracted from the baseline corrected ERG waveform. Oscillatory potentials (OPs) were measured by extracting OP wavelet components using Fast Fourier transformation. The sum of the root mean squares (Sum RMS) of the amplitudes of the OP wavelets was calculated (Bui et al., 2005) . OPs were then subtracted from the remaining waveform leaving the scotopic P2 for the rod bipolar response.
Histology
Eyes enucleated on the seventh day after post-conditioning were immediately placed in Davidson's fixative (11% glacial acetic acid, 2% neutral buffered formalin and 32% ethanol in H 2 O) for 24 h, then transferred to 70% ethanol for 24 h and stored in PBS at 4 C.
Eyes were embedded in paraffin, sectioned to 4 mm and stained with hematoxylin and eosin (H&E). Sections were examined by light microscopy and cell counts in the retinal ganglion cell (RGC) layer were quantified using 40Â optics. Specifically, the number of putative retinal ganglion cells in the RGC layer was counted in a standardized region in all of the retinae (called a "region of interest"), centered 1280 mm distant (as measured by an eyepiece reticule) from the thinning of the neurofilaments arising from the optic nerve head and comprising the neuronal fiber layer. The counts were made, in both directions from the optic nerve head, in this same region spanning 128 mm. The averaged number of cells in the RGC layer is reported as cells per region of interest.
Data handling and statistical analysis
ERG data were corrected for daily variation in the normal eye and for simultaneous reference to the baseline in the ischemic eye, as previously described (Roth et al., 2006; Dreixler et al., 2008 Dreixler et al., , 2009a Dreixler et al., , 2009b . The a-and b-waves, SUM RMS of the OPs, and P2 from ischemic eyes 7 days after post-conditioning in the groups for comparison were expressed as stimulus-intensity plots (intensity, log cd s/m 2 on the x-axis), and % recovery of baseline on the y-axis (Dreixler et al., 2008 , in press-a). The data were normally distributed as confirmed using normality plots and skewness/kurtosis in Stata version 10.0 (College Station, TX). For histopathological data analysis, we used the ManneWhitney non-parametric test.
Results
Post-C administered 24 h after ischemia (n ¼ 15) significantly increased the b-wave, OP RMS and P2 recovery at 7 days following the delayed ischemia and post-C, when compared to the sham post-C and 24 h ischemia control group (n ¼ 11) over a range of flash intensities from À1.02 to 1.4 log cd s/m 2 ( Fig. 1 ). Fig. 2 shows that the averaged ERG stimulus-intensity plots, for a-wave, b-wave, OP RMS and P2, were consistent with the results of the normalized results. The time latency for the b-wave significantly increased from 75.9 AE 3.6 ms at baseline to 111.8 AE 13.5 ms (p ¼ 0.03) at day 7 at the 0.87 log cd s/m 2 flash intensity in the 24 h sham post-C group. At the same flash intensity the b-wave latency was unchanged in the 24 h post-C group (data not shown). Representative ERG traces are shown in Fig. 3A .
Histological examination of the retinae 7 days after ischemia þ 24 h later post-C or 24 h later sham post-C showed that the number of Fig. 4 . Representative histopathological images of hematoxylin and eosin-stained retinae in 4 mm thick sections for each of the experimental groups. These sections were prepared from retinae removed from the rats at 7 days following delayed post-C. Arrows indicate layers demonstrating cell loss and asterisks denote regions of inflammatory cell infiltration. Below each representative retina is a close-up of the RGC layer.
Table 2
Number of retinal ganglion cells per region of interest (mean AE s.e.m.) in the ischemic retinae 7 days after 48 h Sham Post-C compared to the number of retinal ganglion cells in the ischemic retinae for 48 h Post-C.
Number of RGCs p-value vs Ischemia
48 h Sham Post-C 5.8 AE 0.5 e 48 h Post-C 6.5 AE 0.8 0.47 cells in the RGC layer in the ischemic retinae significantly increased to 8.8 AE 0.8 cells/region of interest (n ¼ 9) in the 24 h post-C group from 6.5 AE 0.7 (n ¼ 6) in the ischemic retinae for the 24 h sham post-C group (p ¼ 0.02), indicating the preservation of histological structure of the retina after ischemia by post-C (Table 1 ; Fig. 4) . Qualitatively, inflammatory cell infiltration decreased in the 24 h post-C group compared to that of ischemia and sham post-C (Fig. 4) . The normal retinae RGC layer counts were 11.2 AE 0.5 for the ischemia þ 24 h later post-C group and 11.3 AE 0.5 for the ischemia þ 24 h later sham post-C group (Table 2) . Lengthening the time between ischemia and post-C time resulted in loss of the protection afforded by delayed post-C. Post-C administered 48 h after ischemia (n ¼ 4) did not change the a-wave, b-wave, OP RMS and P2 recovery at 7 days after the delayed post-C, when compared to the sham 48 h post-C control group (n ¼ 4) over a range of flash intensities from À1.02 to 1.4 log cd s/m 2 (Fig. 5 ). Fig. 6 shows that the averaged ERG stimulus-intensity plots, for awave, b-wave, OP RMS and P2, were consistent with the results of the normalized results. The time latency for the b-wave was unchanged from baseline to day 7 for the 48 h post-C and 48 h sham post-C groups (data not shown). Representative ERG traces are shown in Fig. 3B . Examination of the retinae 7 days after ischemia þ 48 h post-C or 48 h sham post-C showed that the number of cells in the RGC layer in the ischemic retinae did not change. The number of cells in the RGC layer in the ischemic retinae was 6.5 AE 0.8 (n ¼ 4) in the 48 h post-C group and 5.8 AE 0.5 (n ¼ 4) for the 48 h sham post-C group (p ¼ 0.47; Table 1 ; Fig. 4 ). Compared to the sham post-C group, 48 h post-C did not alter inflammatory cell infiltration after ischemia (Fig. 4) . The normal retinae RGC layer counts were 11.1 AE 0.5 for the ischemia þ 48 h later post-C group and 10.8 AE 1.0 for the ischemia þ 48 h later sham post-C group.
Discussion
Our results confirmed the hypothesis that delayed postconditioning could ameliorate the damage after retinal ischemia. As a novel strategy that could potentially protect against retinal ischemia, post-C shifts the focus of neuroprotection away from the paradigm of pre-ischemic intervention to manipulations that alter the post-ischemic state in a manner that is favorable to survival of retinal cells. In the present study we demonstrated the new finding that delayed application of a brief ischemic stimulus afforded significant neuroprotection after retinal ischemia. However, the time window of effectiveness of post-C was limited to 24 h, because no significant effect of post-conditioning was demonstrated at 48 h after ischemia.
In this study, the most apparent effect of delayed postconditioning 24 h after ischemia was found in the inner retina, as reflected by dramatically improved recovery of the b-wave, P2, and oscillatory potentials, and decreased loss of cells in the retinal ganglion cell layer and diminished infiltration of inflammatory cells, while recovery of the a-wave showed a non-significant trend for improvement with delayed post-C. The reason for the relative enhancement of inner retinal function may be due to the nature of the ischemia produced in this model. There is relative sparing of the outer retina, perhaps due to residual blood supply from the choroidal circulation or decreased sensitivity to ischemia of photoreceptor cells (Hughes, 1991) . Despite the improved outcome after ischemia with 24 h delayed post-C, post-C 48 h later only produced a non-significant trend for improvement of the oscillatory potentials. This suggests there is a limited time window for effectiveness of post-C.
Our findings of the effectiveness of post-C as late as 24 h after ischemia are unique compared to earlier studies of postconditioning in the central nervous system. With respect to cerebral ischemia, nearly all studies have examined post-C using a brief ischemic stimulus in only the first minutes after the onset of reperfusion, where it was effective in reducing infarct size and disturbed behavioral or motor function in rats Pignataro et al., 2008; Jiang et al., 2009 ). In one study (Ren et al., 2008) delayed post-conditioning 6 h after cerebral ischemia in a mouse model reduced infarct size. The latest time window for post-conditioning shown to date was where hypoxic postconditioning, a different type of stimulus than brief ischemia, 5 days after focal cerebral ischemia in mice reduced thalamic atrophy, but it did not alleviate ischemia-induced functional deficits (Leconte et al., 2009 ). Yet in our study, ischemic post-C 24 h after ischemia significantly improved both retinal function and decreased cellular loss, thereby demonstrating an even more profound neuroprotective effect.
In a previous study, retinal post-C was found to reduce ischemiainduced apoptosis (Dreixler et al., 2010) , and post-C was found to require new protein synthesis (Fernandez et al., 2009; Dreixler et al., 2010) . Recently, we reported that post-C requires mitogen-activated protein kinase p38a and protein kinase B, or Akt (Dreixler et al., in press-b) . Apart from these findings, further investigation is required to understand the mechanisms of post-C in the retina.
Our results differ from those of others. Previously, it was reported that post-C at 24 h after retinal ischemia in rats was ineffective in altering outcome (Fernandez et al., 2009) . A potentially important difference in the studies is that we used a total occlusion of the central retinal artery with a suture placed behind the globe as the post-C stimulus. When intraocular pressure is elevated to produce ischemia, some residual blood flow remains in the retinal or choroidal circulation (Roth and Pietrzyk, 1994; Lin and Roth, 1999) . It is possible that the depth of the ischemic stimulus for post-C is related to its effectiveness, similar to our demonstration that post-C is more effective following prolonged compared to shorter periods of damaging ischemia (Dreixler et al., 2010) . In any event, our study demonstrates the feasibility of a brief postconditioning ischemic stimulus to ameliorate damage as late as 24 h after ischemic insult. This stimulus could possibly be applied to patients who have sustained central retinal vascular occlusion or similar events where the outcome is often poor (Chen and Lee, 2008) , and may be an effective supplement or substitute to treatment attempts such as thrombolysis.
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